The sidelobe in diffraction efficiency of reflecting volume Bragg grating (RVBG) limits the wavelength channel spectral separation, which determines the combining power output in spectral beam combining (SBC) systems. A novel SBC system based on the apodised RVBG has been proposed to suppress the sidelobe. Several apodised RVBGs have been compared and the optimal apodised RVBG is obtained by using the chainmatrix approach. Numerical results show that the sidelobe could be suppressed excellently with Blackman apodised RVBG. In the numerical example, the minimal channel spectral separation was 1.0 nm for SBC system based on the RVBG and it decreased to 0.6 nm for the novel SBC system based on the Blackman apodised RVBG when the spectral combining efficiency of both systems achieves the same maximum value.
INTRODUCTION
High average power output laser systems are useful in directed energy applications. However, maximum power emitted by a single solid-state laser is limited by the thermooptic effects 1 . It is an effective approach to get high power laser output by combining multiple lasers into a single beam 2, 3 . There are two approaches for beam combining-coherent and incoherent. A comparative review of those approaches is presented by Fan and Sanchez 4 . The main challenge of coherent combining is precise control of wavelengths and relative phases of each laser, especially the relative phase noise between channels 5 , which make coherent combining of multiple lasers difficult to obtain. However, these problems can be avoided by incoherent combining technologies.
Spectral beam combining (SBC) is a typical approach of incoherent combining 6 , which is based on the diffractive elements such as reflecting volume Bragg grating (RVBG) that combines multiple lasers at different wavelengths into a single diffraction-limited beam in the near-and farfields. The output power of SBC is determined by the number of wavelength channels, and high average power laser output can be obtained by spectrally combining multiple lasers. For example, consider a laser system operating within a 10 nm total spectral bandwidth. 10-kW-level laser output can be obtained by combining 20 lasers with channel spectral separation of 0.5 nm and 500 W output power of each laser. However, the total bandwidth for SBC is determined by the application requirements. Increasing the number of wavelength channels in a given spectral range requires decreasing the channel spectral separation, but the channel spectral separation is limited by the sidelobe in diffraction efficiency. Suppressing the sidelobe is an effective approach to decrease channel spectral separation. However, it was found that there has been no research reporting on this subject in SBC systems.
In the fibre Bragg gratings, the sidelobe in diffraction efficiency is well suppressed by the apodisation technologies. The apodisation technologies into the RVBG have been introduced to suppress the sidelobe in diffraction efficiency for SBC. The difference between these two apodisation technologies is that the beam is normally incidence in fiber Bragg grating but obliquely incidence on the RVBG for the SBC system. In this paper, a novel SBC system based on the apodised RVBG is proposed to suppress the sidelobe and decrease channel spectral separation.
THEORETICAL MODEL
The scheme of SBC based on apodised RVBG is illustrated in Fig. 1 . The grating boundary normals are in the z direction, and the grating vector is in the yoz plane, and the constant refractive index is described by the pattern which parallels the xoy plan. The grating extends from z=0 to z=d where d is the grating thickness. The parameters described in Fig. 1 are: θ i -incident angle; θ r -refraction angle in the grating; K-grating vector with module |K|=2π/Λ; Λ-grating period; λ 1 -incident beam at Bragg wavelength; ∆λ-spectral separation; z-direction along grating thickness; n 1 and n 3 is the refractive index of the medium in region 1 (z<0) and region 3 (z>d), respectively; n 2 -refractive index of the volume Bragg grating.
The refractive index distribution of the un-slanted apodised RVBG (grating vector perpendicular to the grating surface) along the grating thickness is 7 n 2 =n 0 +n(z)cos(Kz) (1) where n(z) is the apodised function. In the following, the apodised functions are
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In Fig. 1 , the reflected beam at Bragg wavelength λ 1 is obliquely incident from region 1 on the left surface of the grating at angle θ i in the yoz plane, and diffract with high diffraction efficiency because the Bragg condition is satisfied. The transmitted beam at wavelength λ 2 =λ 1 +Δλ is incident from region 3 on the right surface of the grating at the same angle and incident plane with λ 1 , and transmits the grating. In region 1, the two beams are power added and spatially overlapped in the near-and far-field. For achieving a high combining efficiency to ensure a high combining power output, the diffraction efficiency for λ 1 and the transmission efficiency for λ 2 should be high.
For analysing the diffraction efficiency of the volume Bragg grating, the volume Bragg grating is decomposed into a large number of sufficiently thin slabs. The amplitude of the incident and the reflected electric field at the input plan (z=0) can be related to those at output plan (z=d) by the following relations 8 1 * * 1 1 1
where N is the number of thin slabs, E r and E t are the normalised electric field amplitude of the reflected and transmitted beams , respectively. The matrix elements are
where λ is the free-space wavelength of incident beam, n 2,i , θ 2,i , d i , r i and τ i are the refractive index, the refraction angle, the thickness, the amplitude of reflection and transmission coefficients of the i th slab, respectively. The diffraction (reflectance) efficiency is: η=E r E r * .
SIMULATION RESULTS

Optimal Apodised RVBG for Sidelobe Suppression
In the simulation, H-mode polarisation (electric field perpendicular to the plane of incidence) beam was taken as an example, the grating period Λ=0.36 μm, the Bragg wavelength λ 1 =1064 nm is obliquely incident on the grating at angle θ 1 ≈9.8°. It was assumed that the media in region 1 and region 3 are homogenous and lossless medium with refractive index n 0 =1.5 and we divide each period of the grating was divided into 25 slabs. In the given simulation conditions, the computed diffraction efficiency tends to be a constant value with the increasing of the number of slabs. The diffraction efficiency precision can be estimated better than 1%.
In calculation, it was found that the peak diffraction efficiency of the apodised RVBG could be given as
where a eff is the apodisation parameter which is defined as that in the fiber Bragg grating 9 ( ) 
For RVBG, a eff =1.The apodisation parameter values of the apodised RVBG considered in this analysis are listed in Table 1 .
For securing higher than 99.9 per cent of the peak diffraction efficiency, the products-a eff n m d should be larger than 1.4×10 -6 from Eqn (6) . A concise comparison of spectral diffraction efficiency between the RVBG and the apodised RVBG is shown in Fig. 2 , when the products -a eff n m d is equal to 1.4×10 -6 and d=5 mm. The location of the first sidelobe of each grating is marked except the Blackman apodised RVBG due to neglectable value comparing to others.
In Fig. 2 , it is shown that the sidelobe in diffraction efficiency of the apodised RVBG described above is smaller than that of the RVBG. The peak diffraction efficiency of the first sidelobe is larger than that of the high orders, and the bandwidth for high diffraction efficiency of the apodised RVBG is broader than that of RVBG, which will be considered in Section 3.2. To choose the optimal apodised RVBG for sidelobe suppression, the peak diffraction efficiency of the first sidelobe was compared with different grating described above, and it was found that the peak diffraction efficiency of the first sidelobe is determined by the products -a eff n m d. The relationship is shown in Fig. 3 . In Fig. 3 , the value of the peak diffraction efficiency of the first sidelobe is increased with the increase of the products except the Cauchy apodised RVBG. The first sidelobe of the Blackman apodised RVBG is the smallest and was under 10 -5 -level. Although the peak diffraction efficiency of the first sidelobe for Cauchy apodised RVBG was decreased with increase of the products -a eff n m d when these were larger than 1.0×10 -6 , the effect of the second sidelobe became comparable or even larger than that of the first sidelobe. So the Blackman apodised RVBG is an excellent candidate for sidelobe suppression.
Spectral Selectivity of Blackman Apodised RVBG
Beams emitted by lasers have spectral width which might be equal or might exceed the spectral selectivity full width at half maximum (FWHM) of grating, this competition leads to decreasing the reflectance and transmittance of beams, and also the combining efficiency. For the RVBG, the spectral selectivity can be optimised by changing the grating thickness for achieving high reflectance and transmittance of the beams. However, for the Blackman apodised RVBG, whether the spectral selectivity can be optimised by the same approach or not, should be analysed. The spectral selectivity of the RVBG and the Blackman apodised RVBG as a function of its thickness is shown in Fig. 4 when the peak diffraction efficiency is 99.9 per cent, i.e., the products-a eff n m d was kept equal to 1.4×10 -6 .
In Fig. 4 , spectral selectivity of the grating was decreased with increasing of its thickness, and the spectral selectivity of the Blackman apodised RVBG was broader than that of RVBG at the same grating thickness. By optimising the grating thickness and the maximum of the refractive index modulation, both gratings could achieve the same peak diffraction efficiency and the same spectral selectivity for achieving high combining efficiency.
Channel Spectral Separation Narrowing
To make a clear understanding about the advantage of sidelobe suppression to channel spectral separation narrowing, a two-beam SBC system was taken as a numerical example. The Bragg wavelength was 1064 nm which was emitted by the Nd:YAG laser, and the wavelength of the transmitting beam was emitted by another Nd:YAG laser which is temperature tuning for emitting an expected wavelength 10 . The spectral width (HWe -2 M, half width at e -2 maximum) of the two beams was 0.2 nm by controlling the optical resonator. The spectral selectivity of the grating was chosen as 0.4 nm for achieving the diffraction efficiency of the incident beam approaches to 95 per cent. Under this condition, the optimal parameters of the grating were d=3.04 mm, n m =461 ppm (1 ppm=10 -6 ) for RVBG, and d=6.29 mm, n m =531 ppm for Blackman apodised RVBG from Fig. 4 . Considering a Gaussian shape spectral distribution of the beams emitting by lasers as
(8) where λ 0 is the centre wavelength and ω is the spectral width of the beams. The reflection and transmission efficiency of the beams were η D (λ 1 )=∫G(λ)η(λ)dλ/∫G(λ)dλ (9) η T (λ 2 )=∫G(λ)[1-η(λ)]dλ/∫G(λ)dλ (10) where η(λ) represents spectral diffraction efficiency of the grating at wavelength λ and angle θ i , which is the incident angle of Bragg wavelength, λ 1 and λ 2 is the center wavelength of the reflecting and transmitting beams, respectively. The spectral combining efficiency is the ratio of the combining output power to the total input power. Assuming that the two beams have the same output power, the combining efficiency is
(11) Figure 5 shows that the combining efficiency increases with the increase of spectral separation between the two incident beams and tends to be a constant value for large spectral separation. In Fig. 5 , it is shown that the combining efficiency increases with the increase of channel spectral separation and be a constant value at large channel spectral separation for the SBC system based on the RVBG or based on the Blackman apodised RVBG. The maximum value of the combining efficiency was 96.8 per cent for both the systems in this numerical example. For the SBC system based on the RVBG, the minimal spectral separation between channels was 1.0 nm for achieving the combining efficiency at this maximum value, However, for the SBC system based on the Blackman apodised RVBG, the minimal spectral separation between channels was decreased to 0.6 nm for the same combining efficiency as that based on the RVBG. In a given total spectral bandwidth, the number of channels for the SBC system is equal to the ratio of the total spectral bandwidth to the minimal spectral separation between the channels. The number of channels for SBC system based on the Blackman apodised RVBG is 1.7 times lager than that based on the RVBG, then this novel SBC system has great potential to achieve higher power laser output based on the fact that the output power of the SBC is proportional to the number of channels.
CONCLUSIONS
In conclusion a novel SBC system based on apodised RVBG to suppress the sidelobe in diffraction efficiency of the grating and to decrease the channel spectral separation. Numerical results show that the sidelobe is suppressed excellently with Blackman apodised RVBG, and this grating is an excellent combiner candidate for SBC system. The minimal channel spectral separation is 1.0 nm for the SBC system based on the RVBG and it decrease to 0.6 nm for the novel SBC system based on the Blackman apodised RVBG. The feature of channel spectral separation narrowing makes this novel system to be an excellent candidate for achieving high power laser output. 
